We demonstrate the application of a commercially available widely tunable continuous-wave external cavity quantum cascade laser as a spectroscopic source for the simultaneous detection of multiple gases. We measured broad absorption features of benzene and toluene between 1012 and 1063 cm −1 (9.88 and 9:41 μm) at atmospheric pressure using an astigmatic Herriott multipass cell. Our results show experimental detection limits of 0.26 and 0:41 ppm for benzene and toluene, respectively, with a 100 m path length for these two gases.
Introduction
The advent of quantum cascade lasers (QCLs) in 1994 [1] opened a new era in spectroscopic measurement and remote sensing of atmospheric gases. Despite their young history, QCLs have successfully been applied in various gas-sensing applications, partly because of the wide range of available emission frequencies [2, 3] . QCLs are especially useful for detecting atmospheric pollutants and trace gases [4] . For example, transmission spectroscopy using QCLs has been used for atmospheric monitoring [5] , cigarette smoke analysis [6] , NO detection [7] , NO 2 detection [8] , vehicle emission analysis [9, 10] , and breath analysis [11] .
The majority of gas-sensing applications require narrow laser linewidth and broadly tunable emission. There has been significant progress since the first demonstration of an external cavity QCL (EC-QCL), showing that grating-tuned external cavity configurations meet all of these requirements [12, 13] . A variety of grating-tuned midinfrared EC-QCL systems have been reported with tunability of the order of approximately 100 cm −1 ( [13] [14] [15] [16] and references therein) and even ultrabroadband, tunable over 750 cm −1 [17] .
Recent advances in QCL technology have extended the temperature range of these systems to achieve continuous-wave (cw) operation at room temperature. QCL operation in cw mode was first demonstrated at 80 K in 1995 with a laser producing an output power of 2 mW [18] . Room temperature cw QCL operation was achieved in 2002 by introducing a buried heterostructure, providing improved heat dissipation [19] . This laser was able to produce powers of up to 17 mW at a temperature of 292 K. Progress in the field has led to cryogenic-free cw EC-QCL operation with broad, mode-hop-free tunability and high output power ( [20] [21] [22] and references therein). There is great interest in developing gas sensors based on cw EC-QCLs to detect multiple atmospheric trace gases, which exhibit broad absorption features within a reasonable spectral range, simultaneously.
Results from various air quality monitoring campaigns in urban areas emphasize the presence of trace gases in the atmosphere, including benzene and toluene [23] . Benzene and toluene have been shown to affect human and environmental health through their toxic properties [24] and through their role in photochemical smog and tropospheric ozone formation [25] . Hence, there is considerable interest in developing analytical tools to quantitatively monitor such contaminants at trace concentration levels. Devices that can measure these compounds in situ, over an open path, and in real time are especially useful, considering that standard methods typically use off-line analyses (e.g., gas chromatography [23] ). Jeffers et al. [26] described a number of previous studies demonstrating the ability to measure benzene gas with laser spectroscopy using various absorption regions, detection schemes, and experimental conditions. Some of the methods used in these previous studies are not ideally suited to measuring multiple gas species at atmospheric pressure, and are limited by narrow laser tuning ranges. Here we describe the suitability of a low-cost, commercially available cw EC-QCL system for simultaneous detection of benzene and toluene.
Experiment
The experimental setup ( Fig. 1 ) consists of three main parts: the laser system, the multipass cell, and the detection and data acquisition systems.
A midinfrared room temperature laser source cw EC-QCL (Daylight Solutions, TLS-CW-MHF) was used in this study. The laser is broadly tunable from 1012 to 1063 cm −1 with AE0:5 cm −1 absolute accuracy. This frequency range is in a window that has minimal interference from atmospheric water and CO 2 absorption. The system integrates thermoelectric cooling technology (TEC) for laser temperature control with a water recirculator. The laser chip operates at a temperature of 15°C and provides a maximum output power of approximately 20 mW.
The laser can be scanned over the entire tuning range using a grating inside the laser head. Scan time over the entire tuning range of the laser is 1-26 s with six different preset tuning rates. Fine tuning or coarse modulation of up to 1 cm −1 at 100 Hz can be achieved using a piezoelectric transducer (PZT) installed in the drive train to mechanically modulate the grating, as specified by the laser manufacturer. Higher frequency modulation, of up to 0:01 cm −1 at 2 MHz, can be achieved using an internal bias tee. Both modulation methods can be used simultaneously. As a result of a manufacturing problem with the antireflective coating on the laser chip, the mode-hop-free region did not span the entire tuning range of the laser. The mode-hop region is largely localized in the longer wavenumber region, as illustrated in Fig. 2 . Grating calibration was verified with measured spectra of 100% CO 2 . Uncertainty in output frequency and repeatability were found to be approximately 0:028 cm −1 and 0:012 cm −1 , respectively, likely due to grating angle jitter between scans.
A sample of a known concentration of toluene in nitrogen was supplied to the multipass cell from a precision gas standards generator (KIN-TEK, 491M). A sample of 5 ppm benzene in nitrogen was supplied to the multipass cell from a standard gas mixture (Praxair). Further dilution and mixing of standard gases was carried out using mass flow meters to obtain different concentration levels of benzene and/or toluene in the multipass cell.
Both the astigmatic Herriott multipass cell and the detection scheme have been described elsewhere [27] . Briefly, two astigmatic protected gold mirrors (Aerodyne Research) were aligned to reflect the beam 192 times through the multipass cell, corresponding to a path length of approximately 100 m. The signal was detected using a two-stage TEC infrared detector (Boston Electronics Corp., PDI-2TE-10.6).
The voltage/signal output from the detector was digitized by a 16 bit, 250 kS=s data acquisition board (National Instruments, NI PCI-6061) and passed into a personal computer, where it was analyzed with LabVIEW software. The software incorporated QCL control, absorption spectrum acquisition, and data filtering and averaging.
Sample spectra were recorded with a gas mixture and then subtracted from the corresponding back- ground spectrum to obtain real-time absorption spectra. Typically, a set of about 25 spectra were averaged, with a total integration time of approximately 30 s at a scan rate of 0:375 cm −1 =s. All spectra were recorded at atmospheric pressure and room temperature.
Results
Individual spectra were obtained for benzene and toluene at various path-integrated concentration levels between 0.5 and 5 ppm, as shown in Fig. 3 . Theoretical spectra for benzene and toluene [28] are also shown in Fig. 3 . The observed spectra are in good agreement with the theoretical spectra for both benzene and toluene. Previous studies have also used midinfrared laser absorption spectroscopy to measure benzene and toluene [29] [30] [31] . However, direct comparison of our results to these studies is not possible because our measurements used integrated peak intensity rather than line strength. Although these previous studies provide useful information, they were limited to higher gas concentrations and required systems operating below atmospheric pressure. Furthermore, these previous studies were restricted by narrow laser wavelength ranges, eliminating the possibility of detecting multiple gases with a single laser.
A major advantage of using the cw EC-QCL is the ability to detect multiple gas species over a wide range of absorption frequencies with a single laser. This result is illustrated in Fig. 4 , where we show data from tests using samples that contained a mixture of equal amounts of benzene and toluene in nitrogen. Again, the data in Fig. 4 show good agreement with a theoretical spectrum [28] .
We calculated the detection limit of this method to be 0:26 ppm for benzene and 0:41 ppm for toluene, based on the value of 3 s=m [32] . Here, s is the standard deviation of a set of blank measurements, i.e., background subtracted spectra of pure nitrogen gas. The standard deviation was determined from the (a) (b) Fig. 3 . Observed (thin curves) and theoretical [28] (thick curve) spectra of (a) benzene and (b) toluene in nitrogen at atmospheric pressure. Fig. 4 . Observed (thin curves) and theoretical [28] (thick curve) spectra of a mixture of 1 ppm benzene and 1 ppm toluene in nitrogen at atmospheric pressure. data at the wavelength of the peak absorptions of the analytes. The slope of the calibration curve, m, was determined from a set of measurements with different analyte concentrations. This procedure was performed within a time interval in which both spectra and background structures do not change significantly. Similarly, the limit of quantitation was found to be 0:9 ppm for benzene and 1:4 ppm for toluene, based on the value of 10 s=m [32] . Waschull et al. estimated a detection limit for the ν 14 benzene band (centered at 1038 cm −1 ) to be 1 ppm with a 45 m optical path length through air [29] . We estimate that the limit of quantitation can be improved by about a factor of 2 by reducing intensity fluctuations of the emitted laser light and etalon effects associated with the poor quality of the antireflective coating. Sensitivity could, in principle, also be improved by implementing wavelength modulation spectroscopy into an cw EC-QCL spectrometer, as demonstrated by Karpf and Rao [8] and by Hancock et al. [33] . However, at atmospheric pressure, molecular absorption lines usually extend over several gigahertz. In our particular case, the linewidths of the monitored benzene and toluene transitions are of the order of ∼1 cm −1 (half-width at half-maximum). Modulation frequency and depth of the EC-QCL are limited by the mass of the grating and are specified with 100 Hz and 1 cm −1 , respectively. However, the maximum achievable modulation parameters that delivered reproducible results were reported in Ref. [8] to be 130 Hz and 0:04 cm −1 , respectively. Further improvements in laser and external cavity design may lead to better modulation parameters and the possibility or using wavelength modulation spectroscopy with samples at atmospheric pressures.
We also note that the ν 14 absorption band for benzene has the smallest integrated intensity of all four infrared active benzene fundamentals. Parts-permillion and subpart-per-million detection limits for different bands of benzene are briefly described by Jeffers et al. [26] . Thus, the detection limit could be improved further with future development of tunable lasers in the 2500-3500 cm −1 region [34] .
The results from this study indicate that this method has the potential to measure many other atmospherically relevant gases. For example, absorption peaks for other benzene, toluene, ethylbenzene, and xylene (BTEX) compounds, namely, ethylbenzene (1031 cm −1 ), m-xylene (1043 cm −1 ), o-xylene (1024 and 1053 cm −1 ), and p-xylene (1024 cm −1 ) all fall within the tuning range of this cw EC-QCL. The method described here may prove useful for in situ, real-time measurements of gas concentrations for atmospheric pollutant source monitoring and environmental simulation chambers where gas concentrations are often at low parts-per-million levels [35, 36] .
Conclusions
The work described here demonstrates the application of a widely tunable cw EC-QCL as a source in a multigas spectroscopic detection system. Our measurements are among the first to simultaneously detect BTEX species using a low-cost, commercially available cw EC-QCL. Simultaneous detection of two BTEX gases, benzene and toluene, with a detection limit of 0:26 ppm for benzene, was achieved at room temperature and atmospheric pressure. The results encourage us to make further developments to improve the detection limit by implementing wavelength modulation spectroscopy techniques and to extend multigas measurements to include xylenes. Our use of this laser to monitor multiple gases in situ, in real time, and over long path lengths makes this a promising method for future air quality monitoring and volatile organic compound detection.
